TO THE EDITOR
Loss or mutational inactivation of the vitamin D receptor (VDR) is linked to post-natal hair loss in mouse and human epidermis (Hughes et al., 1991; Sakai et al., 2001) . VDR-null mice fail to undergo the first post-natal hair growth phase (anagen), and the hair follicles convert into epidermal cysts (Sakai et al., 2001) .
It is reported that VDR ablation leads to a gradual decrease in hair follicle stem cells (Cianferotti et al., 2007) . When epidermal stem cell depletion is induced by post-natal deletion of Rac1, there is progressive degeneration of hair follicles, sebaceous glands, and interfollicular epidermis, with the result that spontaneous wounds develop (Benitah et al., 2005) . In contrast, VDRÀ/À mice have excessively thick and folded interfollicular epidermis (Figure 1c ), reflecting an increase in epidermal proliferation (Figure 1e and f) (Zinser et al., 2002) , a phenotype more consistent with a role of VDR in epidermal lineage selection. These considerations prompted us to explore the effects of VDR ablation on the epidermal stem cell compartment in more depth, using a combination of in vitro and in vivo assays.
In hair follicles, the stem cells reside in a permanent area known as the bulge, which is an expansion of the outer root sheath (ORS) just below the sebaceous glands (Müller-Rö ver et al., 2001) . Cianferotti et al. (2007) reported that there is a progressive decline in the proportion of keratinocytes expressing the bulge marker CD34. CD34-positive keratinocytes also express the a6b4 integrin and therefore we performed flow cytometry of CD34/a6 doublepositive cells from wild-type and VDR-negative mice. We compared back and tail epidermis of mice aged 8, 24, or 36 weeks (Figure 1i ). Consistent with the findings of Cianferotti et al. (2007) , we found that there was a reduction in the double-positive population at both body sites in VDR-null mice compared to wild-type mice. Cianferotti et al. (2007) further reported that the clonal growth ability of keratinocytes isolated from 4-week-old VDR-null mice shows a reduced ability to form large, actively growing clones. In contrast, we saw no difference in the overall colony-forming efficiency or clone size of keratinocytes cultured from 8-week-old VDR-null and wildtype mice (Figure 1g and h). Furthermore, even though the number of CD34/a6 double-positive cells was lower in 8-week-old VDR-null mice (Figure 1i ), the ability of those cells to grow at clonal density was not impaired (Figure 1j ). In addition, we found that the growth rate of VDR-null immortalized keratinocytes was significantly higher than that of wild-type cells (Figure 1k ). This is consistent with the observation that the proportion of proliferating Ki67-positive keratinocytes is higher in adult VDR-null than wild-type epidermis (Figure 1e and f) and fits with the increase in interfollicular epidermal thickness (Figure 1b and c) . We suggest that the differences in colony-forming ability observed by Cianferotti et al. (2007) and ourselves may be due to differences in the method used to isolate and culture the keratinocytes (Supplementary Methods).
The discrepancy between the decline in CD34-positive cells and the lack of any reduction in clonal growth ability led us to examine a third marker of epidermal stem cells, DNA label retention. We injected 10-day-old mice with BrdU and followed the labelretaining cells (LRCs) in adult animals (8 weeks). Immunostaining of wild-type tail epidermis with an anti-BrdU antibody revealed a pool of LRCs in the hair follicle bulge and scattered LRCs in the sebaceous glands and interfollicular epidermis (Figure 2a ). The VDR was expressed throughout the basal layer of the interfollicular epidermis, the outer root sheath of the hair follicle, and the periphery of the sebaceous gland (Figure 2b) . Double staining for BrdU and VDR showed that LRCs expressed VDR, although the level of VDR in individual cell did vary (Figure 2c-f) . In 8-weekold VDR-null mice, there was no obvious reduction in the number of LRCs per hair follicle. LRCs extended from below the sebaceous glands to the base of the follicle, the same location as in telogen wild-type follicles (Figure 2g and h).
We observed that CD34 labeling intensity was reduced (Figure 2i and j), consistent with our own (Figure 1i and j) and previous observations (Cianferotti et al., 2007) . CD34 staining extended the length of the degenerating follicles (Figure 2j ), in agreement with the distribution of LRCs (Figure 2h ). Although bulge cells in both wild-type and VDR-null follicles expressed high levels of the a6 integrin (Figure 2k and l), there was a marked difference in its subcellular localization. In wild-type mice, most bulge cells had surface a6 expression, with only a subpopulation of cells, at the boundary between the (Figure 2k, insets) . In contrast, cells with intracellular a6 integrin were found along the length of the bulge in VDR-null follicles (Figure 2l ). This is consistent with the reduction in the CD34/integrin a6 double-positive population observed by flow cytometry (Figure 1i ). As LRCs and clonogenic cells were not depleted in VDR-null follicles, we considered the alternative hypothesis that follicular degeneration reflects an inability of the stem cells to respond to mitogenic stimuli in vivo. We therefore treated the tails of BrdU-labeled 8-week-old wild-type and VDR-null mice topically with 12-O-tetradecanoylphorbol-13-acetate (TPA) (Braun et al., 2003) . TPA treatment induced keratinocyte proliferation in wild-type interfollicular epidermis and sebaceous glands, and stimulated the follicles to enter anagen (Figure 2m ). In VDR-null mice, proliferation was also stimulated; however, VDR-null hair follicles did not enter a normal anagen and instead there was a marked increase in the diameter of the bulge area (Figure 2n ). Non-treated VDR-null mice presented a higher proportion of keratinocytes in S/ G2 þ M phase (6.7%) than wild-type mice (1.5%) (Po0.002) (Figure 2q , lower panels), which correlated with the increased numbers of Ki67-positive cells in VDR-null skin (Figure 2g and h) (Zinser et al., 2002) . TPA treatment of wild-type epidermis caused LRCs to enter the cell cycle, thereby diluting out the BrdU label and increasing the proportion of cells in S/G2 þ M of the cell cycle (Figure 2q ). In VDR-null epidermis, this mobilization was more pronounced and there was a higher proportion of BrdU-labeled cells in S/M or G2 phase of the cell cycle (Figure 2q ). This leads us to conclude that not only are there LRCs in VDR-null epidermis but also that they are competent to respond to an in vivo proliferative stimulus. The increased number of VDR-null cells recruited into cycle by TPA suggests an enhanced sensitivity to proliferative stimuli, most likely because of deregulated expression of cell cycle genes that are VDR targets (Deeb et al., 2007) .
In humans and mice, mutations in VDR, hairless receptor, or retinoic acid receptor result in similar epidermal phenotypes characterized by atrichia with papules (Panteleyev et al., 1998; Miller et al., 2001; Ghyselinck et al., 2002; Bikle et al., 2006) and detachment of the dermal papilla (DP) from the hair follicles (Panteleyev et al., 1998; Bikle et al., 2006) . Hairless receptor and retinoic acid receptor interact with VDR to regulate gene transcription (Hsieh et al., 2003; Deeb et al., 2007) . We analyzed the location of the DP by staining for tenascin C (Jiang and Chuong, 1992) (Figure 2o and p). We observed that in wild-type skin the DP was attached to telogen hair follicles, but this was not the case in VDR-null skin (Figure 2o and p) .
Although, as previously suggested (Bikle et al., 2006) , the degeneration of hair follicles in the absence of VDR is likely to be due in part to the lack of DP association, an additional possibility is that it reflects an inability of keratinocytes to migrate along the follicle at the onset of anagen. This latter possibility is suggested by the altered distribution of the a6 integrin (Figure 2l) . To examine this, we performed two assays of keratinocyte motility in vitro. In a wound-healing scratch assay, VDR-null keratinocytes covered a shorter distance than wild-type cells at 24 and 48 hours ( Figure S1a ). When the distance covered by single cells was monitored by time-lapse video microscopy, keratinocytes also migrated a shorter distance than wild-type cells ( Figure S1b and c) .
In conclusion, although VDR is clearly necessary to maintain hair follicles, their degeneration does not reflect a loss of follicle stem cells. We did see a reduction in cell-surface levels of CD34, but in contrast to a previous report (Cianferotti et al., 2007) , there was no loss of clonal growth potential in culture. There was no reduction in the number of LRCs, and VDR-null LRCs were competent to enter the cell cycle in response to TPA. We propose that in addition to the previously reported DP defect (Bikle et al., 2006) , the failure of VDR-null epidermis to maintain the hair follicle may represent an inability of the cells to migrate along the follicle at the onset of anagen. This would fit with the observation that TPA treatment causes a swelling of the bulge and also with the intriguing observation that many of the outer root sheath cells have internalized a6 integrin. TO THE EDITOR Filaggrin is a key protein required for the formation of the stratum corneum (SC) barrier. Filaggrin is also essential for SC hydration, as it acts as a source of hygroscopic amino acids and their derivatives, known as natural moisturizing factor (NMF). The human gene encoding filaggrin (FLG) is highly polymorphic and to date, 15 null mutations have been detected of which four (R501X, 2282del4, R2447X, and S3247X) are prevalent at varying frequencies in the white European population (Sandilands et al., 2007) . Homozygous or compound heterozygous FLG mutations underlie the common skin-keratinizing disorder ichthyosis vulgaris, and have been shown to be a major genetic predisposing factor for atopic dermatitis (AD) (Sandilands et al., 2006) . Diminished filaggrin expression has been demonstrated in both ichthyosis vulgaris and AD skin (Seguchi et al., 1996; Sugiura et al., 2005; Smith et al., 2006) .
As filaggrin is the precursor protein for the amino-acid-derived components of the NMF, we hypothesized that carriers of FLG-null mutations have reduced level of NMF in the SC.
To measure NMF in the SC of the palm (thenar eminence) and forearm skin, we used confocal Raman microspectroscopy (3510 Skin Composition Analyzer; River Diagnostics, Rotterdam, The Netherlands). The principles of this method and the procedure have extensively been described elsewhere (Caspers et al., 2001 (Caspers et al., , 2003 . The reference spectrum of NMF was constructed from a superposition of the spectra of pyrrolidone-5-carboxylic acid, ornithine, serine, proline, glycine, histidine, and alanine.
In addition to NMF, skin barrier function as measured by transepidermal water loss was assessed on the volar forearm (Tewameter 210; Courage and Khazaka Electronic GmbH, Cologne, Germany).
One hundred and forty-nine volunteers recruited by public advertisement, as well as 10 AD patients, were screened for four FLG mutations (R501X, 2282del4 R2447X, and S3247X). All subjects filled in a questionnaire on the history of skin diseases and allergies, and the Erlangen atopy questionnaire that also included a question on skin dryness. Signs of active disease (erythema, crusting, weeping, and lichenification) were assessed by a dermatologist. Having visible skin changes on the forearm was the exclusion criterion. Written informed consent was obtained from all subjects. The experimental protocol followed the Declaration of Helsinki Principles and was approved by the Ethical Committee of the Academic Medical Centre. Genomic DNA was extracted from buccal swab samples (Puregene s DNA isolation kit; Gentra Systems, Minneapolis, MN). Polymorphisms were genotyped as reported previously (Sandilands et al., 2007) . To compare data from two groups, we used twotailed Student's t-test for unpaired samples.
Sixteen carriers (12 female) of an FLG mutation and 23 individuals (15 female) wild type with respect to these mutations were included in the study. Of the 16 carriers, five were heterozygous for R501X, eight were heterozygous for 2282del4, and one was heterozygous for R2447X.
One individual was homozygous for
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